This paper discusses the prospects of silicon as a Mid-wave Infra-red Raman crystal. As a specific example of novel devices that can be realized, we introduce the concept of multi-mode silicon Raman amplifiers and their application in infrared image pre-amplification. The same technology also has application in incoherent beam combining.
INTRODUCTION
Mid-wave infrared (MWIR)/ long-wave infrared (LWIR) sources have been the topic of active research for over two decades. These sources operating in the 3 -5 and 8 -12 µm wavelength range have found applications in free space communications, bio-chemical detection and certain medical applications. Most organic chemicals and biological agents have unique signatures in the MWIR and can be detected using these lasers. The strong water absorption peak at 2.9µm and the resulting applications in medicine and dentistry creates a large demand for such lasers. Typical laser sources used in this wavelength range include diode pumped optical parametric oscillators [1] , impurity-based solid state lasers [2] and solid state Raman sources [3] . However, these sources have not achieved wide spread use owing to the complexity and high cost of implementation.
Silicon Photonics in the near infrared has attracted significant attention in recent years with the aim of realizing low cost, high speed optoelectronic components. The enormous infrastructure available for silicon device manufacturing and the economy of scales have been the motivating factors in this direction. In particular, Raman scattering has been successfully used to demonstrate Lasers [4, 5] and amplifiers [6, 7] on a pure silicon chip. Silicon Raman devices can be extended to the mid infrared wavelengths regions with the objective of creating low-cost and small foot print devices for the applications discussed above. [3] . Silicon is quiet competitive with these crystals owing to: (i) the unsurpassed quality of commercial silicon crystals, (ii) the low cost and wide availability of the material, (iii) extremely high optical damage threshold of 1-4 GW/cm 2 (depending on the crystal resistivity), and (iv) excellent thermal conductivity, renders silicon a very attractive Raman crystal for mid-IR applications.
The promise of silicon Raman devices is dampened by competing nonlinear absorption processes such as two-photon absorption (TPA) and the associated free carrier absorption (FCA) processes. Low duty cycle pulse pumping [4, 6] and reverse-biased carrier sweep out [5, 7] were employed to minimize the impact of nonlinear losses. However, the maximum output power of the Raman laser is still limited by the nonlinear losses and the presence of free carriers also increases the onchip heat dissipation. In addition to this, the need for an external optical pump poses a question regarding the place of Silicon Raman lasers at telecom wavelengths, where the III-V laser technology has already made significant penetration. Thus the real utility of silicon Raman in the mid infrared region would be subject to the diminished contribution of nonlinear losses in comparison with the useful Raman process. Experimental data presented in the first part of this paper solidly confirms this hypothesis.
The second part presents a new class of silicon photonic devices based on Raman amplification in multimode waveguides. A potential application of this amplifier as an image pre-amplifier for MWIR remote sensing applications is discussed. The same technology also has application in incoherent power combining of multiple lower power lasers. 
EXPERIMENTS STUDY OF NONLINEAR ABSORPTION IN SILICON IN THE MID-IR
The measurement of nonlinear losses in Silicon was performed with the objective of ascertaining the wavelength dependence of free-carrier and two-photon absorption. Pulsed pump laser sources were used in these measurements and were coupled into bulk Silicon samples. Silicon samples with [1 1 1] orientation, 1 inch diameter, 1 inch length and resistivity of 2000Ω-cm were used in these measurements. A standard CaF 2 lens with 15cm focal length was used to focus the laser beam and the Silicon sample was moved towards the focus of the lens to increase the intensity of the coupled optical beam. The following solid state pump sources were used in this work: i) Ho-YAG crystal operating at 2.09µm, free-running mode with a pulse width of 100µsec and energy of ~1J, ii) Er-YAG laser operating at 2.936µm, Q-switched with a pulse width of 100nsec and energy of ~25 mJ [2] . Both these lasers had a spot diameter of ~2.1mm. At the output end, a slow photodetector was used to measure the energy of the pulse. Figure 1 shows the transmission through the Silicon sample as a function of pump intensity at wavelengths of 2.09µm and 2.936µm. The Silicon sample was double-side polished and the reflection loss per facet is ~ 29%. Hence, the maximum transmission was measured to be ~53%. At 2.09µm pump wavelength which corresponds to photon energy of more than half the band gap, the transmission reduces considerably with increasing pump intensity. This loss can be attributed to the two-photon absorption (TPA) process and the losses due to free-carriers generated by TPA. However, as pump photons are reduced in energy below half the band gap, two-photon absorption process vanishes. This is observed in the transmission results corresponding to 2.936µm pump wavelength. Although the pulse width of the pump sources is different, the peak intensity achieved in the latter case is much higher to compensate the reduced pulse widths. The slight decrease in transmission with increasing intensities could be due to the three-photon absorption (3PA) process. However this process is expected to be extremely weak to cause any significant free carrier losses. Thus, the absence of nonlinear absorption at pump photon energies less than half the band gap eliminates a key loss mechanism in Silicon Raman devices.
The negligible linear absorption in Silicon is another key attribute that makes it attractive for building efficient mid-infrared nonlinear optical devices. The linear absorption in Silicon has been extensively studied over the years [8, 9] . Here we measured the absorption coefficient in our samples using an FTIR apparatus. Figure 2 shows the absorption coefficient of Silicon in units of dB/cm as a function of wavelength in the range of 1-13µm. The low loss window following the indirect band gap absorption extends from 1.2 to ~ 6.5µm wavelength range. This broad low loss window clearly underscores the potential of Silicon as the guiding medium for realizing active and passive functionalities in the near Infrared (Telecom) as well as the mid wave infrared wavelengths. Beyond 7µm the increase in losses could be due to impurities and multiphonon absorption processes.
The experimental measurements presented in the previous section clearly suggest that the nonlinear loss mechanisms become insignificant in the mid infrared wavelength regions hence eliminating the main problem with near infrared silicon Raman lasers. Two different pump sources at 2.09µm and 2.936µm were used in these experiments. The enhanced nonlinear losses at 2.09µm due to TPA and FCA and the absence of these losses at 2.936µm is clearly seen. 
THEORY OF SELF-IMAGING RAMAN AMPLIFIER
In this section, we describe the use of multimode Silicon waveguides as self-imaging Raman amplifiers. Stimulated Raman scattering in multimode structures is accompanied by many interesting effects which arise due to the simultaneous interaction of large number of pump and Stokes modes. Raman nonlinearities in the presence of multiple spatial modes were first studied by Bloembergen and coworkers [10, 11] and more recently, the beam clean-up effect in Raman lasers has been observed in bulk crystals [3] and multimode optical fibers [12] . Multimode waveguides also exhibit Talbot self-imaging on account of constructive interference among the various waveguide modes, a phenomenon that occurs periodically along the waveguide length [13] . This phenomenon takes place even when the multimode waveguide is comprised of an optically amplifying medium where the input beam is amplified as it is self-imaged along the waveguide. The use of this self-imaging amplifier is restricted to top and side pumped rare-earth doped solid state medium [14] . In the novel waveguide Raman amplifier presented here the Stokes beam is amplified in the presence of the pump and also periodically self-imaged at the focal points along the waveguide. The multimode Raman waveguide is modeled based on coupled-mode analysis. We also discuss the potential application of this amplifier as an image pre-amplifier for MWIR remote sensing applications.
Modeling of a multimode Raman amplifier
The multimode silicon waveguide amplifier analyzed in this work consists of a typical silicon thin film structures with rectangular cross-section. The waveguide width, a is taken to be larger than the thickness b so that only the fundamental mode in the Y direction needs to be considered. This simplifies the problem into a 1-dimensional analysis. Nonetheless, this analysis is valid for any multimode waveguide. The eigen-modes of the waveguide are taken to be of sinusoidal form as shown below: with mode index m,n being integers ≥ 1 in general. This mode profile assumes that there is no evanescent tail of the mode present in the cladding region, which is true for large area high-index contrast silicon waveguides analyzed in this work. The use of reduced dimension multimode waveguides would require rigorous computation of the eigen-modes. Nonetheless, the general conclusions obtained with our analysis holds good for any multimode mode structure including silicon waveguides and GRIN structure. The optical field at any point in the waveguide can be written in terms of the eigen-modes: where A mn and β mn are the mode coefficient and propagation constant for the mode m,n. Table II lists all the various waveguide parameters assumed in the simulations through out this paper. It was found that for the launch conditions in this waveguide, 11 modes along the X-direction and 1 mode along the Y-direction accounted for ~ 98% of the coupled optical power and was sufficient for the purpose of this simulation. For the waveguide dimensions considered here, the first imaging length at the pump and Stokes wavelengths occur at ~ 6cm and 5.07cm respectively [13] . The evolution of co-polarized pump and Stokes mode coefficients is taken into account through the coupled-mode analysis [15] as follows:
Here, A S-mn and A P-mn refer to the Stokes and pump mode coefficients respectively for mode index (m,n), φ S-mn and φ P-mn refer to the mode profiles of the Stokes and pump as given by Eq. refer to the coupling coefficients of the two different Raman interaction process: the conventional Raman amplification term which is phase insensitive and the pump phase sensitive Raman four-wave mixing terms which also include a phase mismatch, ∆β. Only terms with ∆β close to phase matching are considered. Throughout this analysis we assume that the waveguide eigen-modes do not change as a result of the nonlinear polarization effects. This is valid as χ (3) is ~ 10 18 times weaker than the linear χ (1) and hence the third order polarization P (3) is much weaker than P (1) . Thus the only effect of the nonlinear interaction is to alter the amplitude and phase of the mode coefficients. Eqs (5.1) and (5.2) do not include self phase and cross phase modulation effects as the electronic susceptibility is weaker than the Raman nonlinearity over the length scales considered here (~5-10cm).
The coupled mode equations presented above were solved numerically using a finite difference algorithm. The total length of the waveguide considered in this analysis is 6cm and for the purpose of studying the Raman amplification process, the input pump was considered to be 1KW peak power or 1mW average power at the wavelength of 2.936µm. This may be achievable in solid-state laser systems under quasi-CW conditions at energy levels of ~100µJ, 100nsec pulse [2] . The input peak intensity of the pump is ~25MW/cm 2 and is comparable to the intensities used in the near infrared to study Raman scattering in Silicon. The multimode Raman amplifier presented in this work is power scalable and the Raman amplification process can be made to work at lower or higher power levels through appropriate waveguide dimension scaling. This would also change the imaging length Table II : List of parameters used in this paper and the values of these parameters used in these simulations Fig.3 : Contour profile of the electric field amplitude (X-Z profile) showing the self-imaging Raman amplifier with the evolution of the pump and Stokes along the length of the multimode silicon waveguide. A single pump and Stokes Gaussian beam is launched into the waveguide. Pump power coupled into the waveguide is 1KW peak (1mW average) and Stokes power is 1µW. Figure 3 shows the electric-field contour profile of the pump and Stokes Gaussian inputs as they evolve along the waveguide. The contour shows the X-Z profile of the electric field. The amplification of the Stokes is clearly seen along with the self-imaging effect. The pump does not get significantly depleted due to the weak input Stokes beam and the small waveguide lengths (6cm).
Next we analyze the Raman gain and the self-imaging property of this multimode amplifier. Figure 4 shows the small signal Raman gain that can be achieved along the waveguide at varying pump powers in the presence of waveguide losses. Vertical dashed lines denote the location of the 1 st and 2 nd focal points. Waveguide loss is included as a linear propagation loss term in the coupled mode analysis. Nonlinear losses such as TPA and FCA are insignificant at these wavelengths as explained in the experiments section. For the case of zero loss, Raman gain of 10dB is reached at the first focal point for peak pump power levels of ~1KW. For such large area silicon waveguide, losses are expected to be on the order of 0.1dB/cm. As seen in this figure, for the propagation losses considered here, 0.1dB/cm, 0.2dB/cm and 0.5dB/cm, the gain at the first imaging length are 9dB, 8dB, and 5dB, respectively. Figure 4 shows the beam quality M 2 parameter along the waveguide for various pump power levels. M 2 measures the deviation of the mode profile from an ideal Gaussian shape. This is computed using a well known technique from ref. [16] . M 2 is found degrade at increasing pump power levels. Figures 3, and 4 show that there is a trade-off between the Raman gain and the beam quality of the Stokes field due to undesirable distortion of the Stokes images. These distortions can be attributed to two factors: (i) the nonuniform amplification of the Stokes modes in the waveguides, which would eventually result in the Stokes image mimicking the pump mode with the most optical power and, (ii) the phase mismatched term which adds addition phase to the mode coefficients and hence alters the selfimaging. It is found that Raman gains as high as 10dB can be achieved at the first focal point (~5cm) for pump power levels of ~1KW without significant beam quality degradation.
Image pre-amplifiers for LADAR remote sensing Silicon waveguide Raman amplifier discussed above can be used as an image pre-amplifier for a MWIR remote sensing system. The recent availability of efficient mid infrared laser sources and the richness of the spectral signatures of molecules at these wavelengths have created interest in using these sources for remote sensing application. So far, efforts to implement optical preamplifiers in near infrared Laser Radar (LADAR) systems have been limited to the use of doped fiber and YAG-based amplifiers [17] . Solid-state Raman media have been used previously for near infrared image amplification [18] , however the waveguide implementation of the device introduced here reduces the threshold pump power through confinement of the pump mode.
The performance of the image amplifier is studied by comparing image patterns at the input with the amplified version at the first focal point, as shown in figure 5 . The figure shows the waveguide cross-sectional (X-Y) profile of the Stokes images. Two different spatial frequencies are considered in this analysis. As the spatial frequency content of the image increases the amplified image looks more distorted due to effects discussed above. It is possible to overcome this issue by varying the pump launch condition to excite waveguide modes as uniformly as possible. At longer lengths or increased pump power the Raman cross-terms start to significantly degrade the image at the focal points. 
CONCLUSIONS
In summary, silicon Raman devices should be considered as potential candidates for covering the technologically important MWIR region of the spectrum. Exploiting the mature silicon fabrication technology, low loss waveguides with long interaction and integrated cascaded microcavities can be fabricated. The absence of the nonlinear losses, which severely limit the performance of these lasers in the near IR, combined with unsurpassed crystal quality, high thermal conductivity and excellent damage threshold render silicon a very attractive Raman medium. The proposed technology can expand the application space of silicon photonics beyond data communication and into biochemical sensing, laser medicine and other MWIR applications.
In particular, we have theoretically analyzed a new class of silicon photonic devices based on Raman amplification in multimode waveguides. We have also quantified their performance as optical image pre-amplifiers.
